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The Strongylocentrotus purpuratus hnf6 (Sphnf6) gene encodes a new member of the ONECUT family of transcription factors. The
expression of hnf6 in the developing embryo is triphasic, and loss-of-function analysis shows that the Hnf6 protein is a transcription factor
that has multiple distinct roles in sea urchin development. hnf6 is expressed maternally, and before gastrulation its transcripts are distributed
globally. Early in development, its expression is required for the activation of PMC differentiation genes such as sm50, pm27, and msp130,
but not for the activation of any known PMC regulatory genes, for example, alx, ets1, pmar1, or tbrain. Micromere transplantation
experiments show that the gene is not involved in early micromere signaling. Early hnf6 expression is also required for expression of the
mesodermal regulator gatac. The second known role of hnf6 is its participation after gastrulation in the oral ectoderm gene regulatory
network (GRN), in which its expression is essential for the maintenance of the state of oral ectoderm specification. The third role is in the
neurogenic ciliated band, which is foreshadowed exactly by a trapezoidal band of hnf6 expression at the border of the oral ectoderm and
where it continues to be expressed through the end of embryogenesis. Neither oral ectoderm regulatory functions nor ciliated band formation
occur normally in the absence of hnf6 expression.
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Introduction ‘‘network’’). Examples are tbrain (Croce et al., 2001;In sea urchin embryos, as in Xenopus and Drosophila
embryos, many genes expressed zygotically at particular
times and places are also represented in the maternal RNA
(reviewed by Davidson, 1986). As was recognized over 20
years ago (Flytzanis et al., 1982), this is evidenced by a tell-
tale pattern of temporal transcript prevalence, in which the
level of specific RNA present initially at fertilization
declines steadily during the blastula stage and then, at some
point which varies for different genes, begins abruptly to
rise again as zygotic transcripts accumulate. Several of the
genes encoding transcription factors in the gene regulatory
network (GRN) for endomesoderm specification in sea
urchin embryos display this pattern of expression (spatial
expression data are http://www.its.caltech.edu/fmirsky/,0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.05.033
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E-mail address: davidson@caltech.edu (E.H. Davidson).Oliveri et al., 2002) and ets1 (Kurokawa et al., 1999;
unpublished data from this lab). In all such examples known
from the GRN, the maternal transcripts are not localized but
are rather distributed ubiquitously in the egg and early
embryo, while zygotic expression is spatially confined. Here
we present a new and unique example: a sea urchin embryo
regulatory gene encoding an orthologue of the mammalian
Hnf6 transcription factor. This gene is expressed maternally
and its product is required for activation of several down-
stream genes in both the skeletogenic and nonskeletogenic
mesoderm. By 20 h postfertilization, the ubiquitous mater-
nal or early zygotic transcripts have almost disappeared, and
the gene is thereafter reactivated specifically in a part of
ectoderm, most likely to be the oral ectoderm, where it plays
an entirely different role in the maintenance GRN for oral
ectoderm specification. Then it becomes an extremely
specific ciliated band regulator required for formation of
that late embryonic structure.
Nothing of what was found in regard to the function
and expression of hnf6 was as initially expected, for the
O. Otim et al. / Developmental Bgene was initially cloned in a search for a predicted,
skeletogenic, or primary mesenchyme cell (PMC)-specific
regulator of the sm50 gene. The sm50 gene encodes a
differentiation product utilized in the embryonic skeleton
(Peled-Kamar et al., 2002; Sucov et al., 1987; Wilt, 1999).
The factor encoded by the hnf6 gene is indeed identified in
this work as a protein that binds specifically in a minimal
cis-regulatory element of the sm50 gene, which is neces-
sary and sufficient for its PMC expression (the ‘‘C-
element’’; Makabe et al., 1995). A fragment of the gene
was first isolated from a Hemicentrotus pulcherrimus
cDNA library by K. Makabe (unpublished data) on the
recognition that the C-element contains a site similar to
those identified elsewhere as target sites for Hnf6 class
factors. But though Hnf6 interacts directly and necessarily
with these sm50 regulatory gene sequences, neither ex-
pression nor function of the gene is at any stage PMC
specific, and its major oral ectoderm roles were a complete
surprise when its essential functions in postgastrular de-
velopment were discovered.Materials and methods
Cloning the hnf6 gene
hnf6 gene sequences were initially recovered using a
degenerate primer-PCR approach that targeted conserved
sequences within the cut and homeodomains of the protein
coding sequence. The degenerate primers employed were as
follows: 5V Cut.F2: 5V ccgcgAAYCCNAARCCNTGG; 3V
Cut.R3b: 5V TTGTTYTCCTTRAAGATNGCATG (Y = C or
T, R = A or G, and N = G or A or T or C), corresponding to
amino acids NPKPW and HAIFKENK, respectively (resi-
dues 322–326 and 405–411 of the SpHnf6 in Fig. 1B,
respectively). The lower case letters in the Cut.F2 primer
sequence are not found in the sea urchin sequence. The
template was a 24-h Strongylocentrotus purpuratus embry-
onic E phage cDNA library (1010 molecules/ml). The PCR
reaction mixture contained the following in a 25-Al reaction
volume: 1 Al of library lysate, 2.5 Al GeneAmp 10 PCR
gold buffer (Applied Biosystems, Foster City, CA), 1.5 mM
MgCl2, 0.2 mM dNTP, 0.05 U Taq polymerase, 0.5 Al of
each template primer, and 17.75 Al H2O. The thermocycling
program used was as follows: one cycle at 94jC for 3 min;
five cycles at 94jC for 30 s, 50jC for 2 min, 74jC for 1
min; and 30 cycles at 94jC for 30 s, 54jC for 1 min, 74jC
for 1 min. A 278-bp probe (see ‘Probe’ in Fig. 1A)
containing the C-terminal half of the Cut domain and nearly
half of the N-terminus of the homeodomain was obtained
and subcloned into pGEM-T Easy (Promega, Madison, WI)
for amplification. The probes were labeled by random
priming with 32P-ATP and used to screen 7, 20, and 40
h arrayed filters (Cameron et al., 2000). Each filter
contained 18,432 cDNA clones. In total, about 270,000
cDNA clones were screened.Embryos: culture, manipulation, and
morpholino-substituted antisense oligonucleotide
(MASO) injection
Eggs were prepared for microinjection as described by
McMahon et al. (1985). The injection needles were
crafted out of microcapillaries as described by Cameron
et al. (1994). The injection solutions were doped with
5 Ag/Al of lysyl– rhodamine–dextran fluorescent dye
(Molecular Probes, Eugene, OR) to aid in sorting out
successfully microinjected embryos after 6–14 h. Micro-
mere transplantation experiments were performed essen-
tially as described by McClay et al. (2000), except that
the embryos were incubated in their hyaline extraction
medium supplemented with 2–4% BSA at 15jC before
and during the microsurgery.
The hnf6b MASO and the control MASO, which
consisted of a randomized nucleotide sequence, were
obtained from Gene Tools, Inc. (Corvallis, OR). The
sequence of the hnf6b MASO used in this report is
TGATGATGGGCGAAACCTCGCATGT (hnf6b2 MASO:
reverse complement of nucleotide 1306 to nucleotide 1330
in Fig. 1B). Notice that this MASO targets a sequence 660
bp downstream of the first ATG. This unconventional
MASO was found to be more effective than the sequence
selected using the reverse complement of the first 25
nucleotides from the start first ATG (hnf6b1 MASO:
AGCCAACTAACTCACTTGAAAGCAT). For injection,
aliquots were prepared at concentrations of 300 or 400
AM, in 120 mM KCl.
Whole-mount in situ hybridization (WMISH)
The spatial localization of gene expressions was deter-
mined by WMISH using antisense DIG-labeled RNA
probes. Probes for in situ hybridization were transcribed
either from a plasmid that had been linearized by digestion
with an appropriate restriction enzyme or from a PCR
fragment amplified from the cDNA clone, following the
method of Ogasawara et al. (2001). Digoxigenin-labeled
RNA probes were transcribed using the Roche DIG-
labeling mix. Two different probes were used to confirm
the staining pattern of hnf6. One probe was transcribed
from the PCR fragment containing the insert of the cDNA
clone 195A17. This probe contains the whole coding
region and both 5V and 3V UTRs. The total length of the
probe is approximately 2.3 kb. The other corresponds to a
part of the coding region (from +775 to +1289, 514 bp in
length). This recognizes a middle portion of the coding
region that does not contain either of the two DNA
binding domains. These two probes give identical staining
patterns (data not shown). DIG-labeled RNA probes for
the other genes were made similarly. The WMISH experi-
ments were performed as described previously by Arenas-
Mena et al. (2000), with minor modifications. The fixative
used in the present study was 4% paraformaldehyde in
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NaCl (Minokawa et al., 2004).
RNA isolation, cDNA preparation
Total RNA was obtained from the embryos using Gen-
Elute Mammalian Total RNA Kit (Sigma, St. Louis, MO) or
RNAzol (Leedo Medical Laboratories, Inc., Houston, TX)
following the manufacturer’s instructions. Contaminating
genomic DNA was assayed by performing PCR directly
on the RNA preparation using ubiquitin primers. DNaseI
(Sigma) was applied to samples where DNA contamination
was detected. cDNA was synthesized using TaqMan Re-
verse Transcription Reagent Kit (Applied Biosystems),
according to the manufacturer’s instructions. The cDNAs
were used as QPCR templates to determine the levels of
expression of the different marker genes, at the develop-
mental stages, and after the perturbations indicated.
QPCR assays, data analysis, and computation
Quantitative real-time PCR (QPCR) was performed lar-
gely as described by Rast et al. (2000). A cDNA prepa-
ration obtained from 10 to 20 ng of total RNA was used
for each amplification reaction. To determine the profile of
hnf6 mRNA accumulation, SpZ12 and ubiquitin amplifi-
cations were also carried out on the same sample, the
former for normalizing measurements of the absolute
number of hnf6 transcripts and the latter as an amplifica-
tion reliability standard. SYBR Green PCR Master Mix
(ABI) was used according to manufacturer’s instructions to
quantify the level of expression of each marker gene
analyzed. Each PCR reaction was performed in duplicate.
A threshold was arbitrarily set within the exponential range
of the amplification process so that different samples could
be compared in terms of the number of cycles required to
attain the threshold (CT) when considering the same
marker gene. The average CT of such duplicate measure-
ments was used in calculation only if the variation between
the raw cycle numbers was less than 5%.
To determine the temporal profile of hnf6 mRNA
expression level in embryogenesis by real-time QPCR
measurements, the average CT value obtained for hnf6Fig. 1. (A) hnf6 cDNA clones aligned to match the reconstructed sequence of the fu
the cut domain and the homeodomain, respectively. The clones were isolated f
indicated. This probe was prepared by degenerate PCR using primers the sequ
Hemicentrotus pulcherrinus, thought to be a portion of a cut domain regulatory pro
al., 1995; K. Makabe and E.H.D., unpublished data). Clone 195A17 was isolated fr
from nucleotide 645 to nucleotide 2097. (B) The cDNA sequence and conceptual
frame is considered the 5V-end of the open reading frame of Hnf6, which extends f
the N-terminus (circled N) and six likely casein kinase II phosphorylation sites (T
(enclosed in rectangle) is critical for Hnf6 interaction with coactivators (Lannoy et
broken line is involved in transcriptional activation (Jacquemin et al., 1999). The
kinase (line drawn through). The cut domain is boxed, and the homeobox sequen
arrowheads point to the positions of the two introns enclosing the linker between t
classifies this Hnf6 protein as a h cut domain variant is doubly underlined (see c(CThnf6) was normalized to the average CT value acquir-
ed on the same cDNA preparations with SpZ12 pri-
mers (CTSpZ12): that is, DCT = CThnf6  CTSpZ12. The
exact number of transcripts of hnf6 per embryo at any
given stage (Qhnf6) was then calculated using the
known values for SpZ12 (QSpZ12) at the same stages
(Wang et al., 1995), using the formula Qhnf6 = QSpZ12 
1.94DCT. The QPCR primers used to determine the amounts
of Sphnf6 transcripts at each time point were SpUbiq:
forward 5V CACA-GGCAAGACCATCACAC, reverse 5V
GAGAGAGTGC-GACCATCCTC; SpZ12: forward 5V
AGTCGTCCAGCC-ATGTCTTT, reverse 5V AAGCACA
CCTCGCACCTATC; SpHnf6-Q5V: forward 5V AACGGC
TACGACCAATTCAC, reverse 5V GATGAGGGTGTCC
CGATAGA. SpUbiq. To determine the effect of hnf6
MASO on transcript levels for each target gene, the
difference D between control and injected embryos was
calculated using the following equation: D = DCTcontrol 
DCTinjected. DCTcontrol and DCTinjected are the differences
between the CT for each particular marker gene and that
for ubiquitin, as measured in control or injected embryos,
respectively. A positive number (Table 2) indicates an
increase in the transcript prevalence for the particular
marker gene in the experimental sample, while a negative
number indicates a decrease.
Synthesis of Hnf6 protein and mobility shift assay
Promega’s TNTR T7 Coupled Reticulocyte Lysate Sys-
tem (Promega) and clone 195A17 (see Fig. 1A) were
employed to express Hnf6 in vitro according to the sup-
plier’s instructions. The product was used without purifica-
tion. Protein synthesis was verified in a separate
experimental setup in which methionine was replaced with
35S-methionine in the amino acid mixture. The product of
this experiment was separated in a denaturing gel along side
a protein standard. The mobility shift assay for comparing
the activity of SpHnf6 protein prepared in vitro with the
endogenous C-factor in a 24-h nuclear extract using the C-
element of the sm50 gene (Makabe et al., 1995) was
performed as described by Yuh et al. (1994). Each reaction
contained 4.5 Ag of polydI-dC/poly(dI-dC) as nonspecific
competitor.ll-length cDNA shown at the top of the figure. Gray and black boxes define
rom a 20-h high-density arrayed cDNA library using the probe sequence
ences of which were based on a peptide fragment from the sea urchin
tein that binds the ‘‘C’’ cis-regulatory sequence of the sm50 gene (Makabe et
om a 40-h library. The open reading fame of the complete sequence extends
translation of hnf6 (GenBank Accession No. AY374436). The first ATG in
or 483 codons. There are three possible N-glycosylation sites localized near
or S in diamond). The LSDLL amino acid sequence within the cut domain
al., 2000). The STP (serine– threonine–proline rich) box underlined with a
SAADY amino acid sequence is similar to the C-box recognized by MAP
ce is underlined. The four helices of the homeodomain are indicated. The
he cut domain and the homeodomain. A sequence element in the linker that
aption to Fig. 4).
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For staining with the SoxB1 antibody (Kenny et al.,
1999), the h-catenin antibody (Logan et al., 1999), and with
antibody recognizing MSP130 (Wessel and McClay, 1985),
the embryos were fixed for 20 min in 2% paraformaldehyde
seawater, permeabilized in MeOH for 3 min, then placed in
4% normal goat serum seawater, in which medium they
were also incubated with the antibody. For observation, they
were brought to 30% glycerol, mounted on slides, and
images obtained by confocal microscopy.
O. Otim et al. / Developmen230Fig. 2. Hnf6 transcriptional activation domain (24 amino acid residues).
Residues shown in inverted black are identical in all 13 proteins. Proteins
identical in 10–12 residues are in inverted gray, and residues on shaded
gray are identical in eight or more proteins. Percent identity gives the
fraction of identical residues between hnf6 and the indicated sequence. Am:
Asterina miniata; Ce: Caenorhabditis elegans; Dm: Drosophila mela-
nogaster; Dr: Danio rerio; Hs: Homo sapiens; Mm: Mus musculus; Rn:
Rattus norvegicus; Sp: Strongylocentrotus purpuratus.Results
The hnf6 gene
The S. purpuratus hnf6 (Sphnf6) gene sequences were
cloned by a degenerate primer-PCR approach that targeted
the conserved sequences within the cut and homeodomains
of the gene (see Materials and methods). Only one variant
of hnf6 cDNA was found in S. purpuratus embryos. The
consensus sequence of hnf6 cDNA is shown on top in Fig.
1A. The original probe used for screening various arrayed
cDNA libraries is labeled ‘Probe’ in Fig. 1A. Five over-
lapping hnf6 cDNA clones of different size (shown imme-
diately below ‘Probe’ in Fig. 1A) were isolated, from
which the overall sequence was derived. The very low
ratio of hnf6 clones isolated to the total screened (i.e., 5–
270,000) does not represent the true abundance of hnf6
mRNA; as will be shown later, this sequence is severely
underrepresented in all the cDNA libraries tested. The
translation of the nucleotide sequence (Fig. 1B) revealed
an open reading frame 1452 bp long corresponding to a
very basic protein (calculated pI = 9.6), 483 amino acid
residues in length (GenBank accession number
AY374436). The length of the open reading frame was
verified by a transcription/translation-coupled analysis
(TNT Coupled Wheat Germ Extract System, Promega) of
clone 195A17 (Fig. 1A). The molecular mass of the
product was found to be about 52 kDa, as predicted (not
shown). In order to determine hnf6 gene copy number, we
locally searched the sea urchin whole genome shotgun
reads from NCBI using the full length hnf6 sequence. Only
one copy of the gene per genome is inferred from the
frequency of hits; at the time of this analysis, there was 5
coverage.
The Hnf6 protein sequence contains two DNA binding
domains; the cut domain (gray box) and the homeodomain
(black box) linked by a sequence (the open box between
the cut domain and the homeodomain in Fig. 1A, doubly
underlined in Fig. 1B). This linker sequence is known to
play an important attenuating role in the extent to which
the Hnf6 protein binds DNA (Lannoy et al., 1998). hnf6
cDNA has relatively long untranslated regions on both the
5V- and 3V-ends (Figs. 1A and B). Three N-glycosylationsites (encircled) and seven serine/threonine phosphoryla-
tion sites (depicted within diamonds) are predicted (Fig.
1B). Two of these sites are within the cut domain. Also
within the cut domain is the LSDLL sequence critical for
interaction with coactivators (Lannoy et al., 2000). Under-
lined with dashes in Fig. 1B is a sequence that has been
shown recently to confer transcriptional activation capacity
on Hnf6 (Jacquemin et al., 1999). This domain is well
conserved in hnf6 (Fig. 2).
Singly underlined towards the C-terminus of Hnf6 in Fig.
1B is a sequence that characteristically defines the unique
homeodomain of the ONECUT transcription factor subfam-
ily (Lemaigre et al., 1996). The identifying feature of this
class of homeodomain is the substitution of a tryptophan
residue in position 48 (homeobox nomenclature) for phenyl-
alanine and the presence of a methionine residue at position
50-amino acid residues 436 and 438 of Hnf6 protein, respec-
tively (Fig. 1B). In other species, two alternatively spliced
products of the hnf6 gene exist. They are identified by the
existence of a unique sequence insert (the h variant) or the
absence of it (the a variant) within the linker between the cut
domain and the homeodomain (Rastegar et al., 1998). In S.
purpuratus, we have observed only the h variant of Hnf6
(doubly underlined and enclosed by the two arrowheads
showing the position of introns in Fig. 1B).
The Hnf6 protein is encoded in three exons (Fig. 3).
The first exon contains the 5V UTR and the open reading
frame of hnf6 mRNA up to and including the cut domain.
The second exon (15 kb away from the first exon) encodes
the linker between the cut domain and the homeodomain,
and the third exon (about 10 kb from the second exon), the
homeodomain and 3V UTR. The gene structure of hnf6 is
very similar in the sea urchin Lytechinus variegus (data not
shown), as it is indeed in rat (Rastegar et al., 1998).
To reveal the evolutionary relationships between Hnf6
protein and other members of the cut family, the cut domain
Fig. 3. Structure of the hnf6 gene. The Hnf6 protein is encoded in three
exons. The first exon encodes the 5V UTR and the cut DNA binding
domain, while the third exon codes the homeodomain and the 3V UTR. The
linker between the two DNA binding domains is encoded by the second
exon. This linker is absent in the Hnf6 a variants. The presence of the linker
in Hnf6 identifies it as a h variant.
Fig. 5. Temporal profile of hnf6b mRNA expression level in embryoge-
nesis. Real-time quantitative PCR (QPCR) measurements. The error bars
are standard deviations over two separate batches of eggs.
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BLASTP searches of the NCBI database for sequences with
significant similarity. A phylogenetic tree is shown in Fig. 4.
Hnf6 is a member of the ONECUT class of transcription
factors and is only remotely related to the Drosophila
melanogaster Cut protein. The cut and homeodomains of
the Hnf6 proteins are highly conserved in mouse, rat,
human, and sea urchin.
Temporal and spatial distribution of hnf6 transcripts in the
sea urchin embryo
The profile of hnf6 mRNA accumulation during embr-
yonic development is shown in Fig. 5, as measured by
real-time quantitative PCR (QPCR; see Materials and
methods). A similar profile was also obtained from RNA
gel blot data (not shown). Maternal hnf6 mRNA is present
at fertilization. About 800 hnf6 mRNA molecules/embryoFig. 4. Relationships of Hnf6 (bold) with the Cut class transcription factors
based on cut domain and homeodomain. An unrooted cladogram obtained
by maximum parsimony (Paup V.3.05; Swofford, 1993) is shown.
Bootstrap values derived from 100 replicates are shown below the nodes.
Two members of the three Cut superclasses are shown; Cux: three cut
domains; ONECUT: one Cut domain. Cf: Canis familiaris; CDP: CCAAT
displacement protein. Length = 373; CI = 0.917. RI = 0.957; RC = 0.878.are present at the 6 h cleavage stage. This number falls to
approximately 400 molecules/embryo at late blastula stage
(18 h). After 20–30 h zygotic transcripts accumulate,
rising to a maximum of about 4000 molecules/embryo at
the mid gastrula stage (36 h). By early pluteus stage, there
are about 2200 hnf6 mRNA molecules/embryo (72 h).
The spatial pattern of hnf6 expression as revealed by
WMISH is shown in Fig. 6. Before gastrulation, hnf6
transcripts are present everywhere in the embryo (Figs.
6AV–DV), though there may be a higher level in the animal
hemisphere (Fig. 6CV). A polarized zygotic expression
pattern becomes visible by 30–36 h, when hnf6 expression
is seen to be confined to one side of the embryo (Figs. 6EV
and F). This expression pattern resolves into a sharp and
exclusive pattern of ciliated band expression, which is the
ultimate and definitive embryonic expression pattern for
this gene (Figs. 6H and FV–HV). The neurogenic ciliated
band becomes morphologically distinct after gastrulation at
the boundary between the oral and aboral ectoderm terri-
tories, with lineage contributions from both (Cameron et
al., 1993), and hnf6 is the most tightly confined indicator
that the ciliated band has a unique regulatory state per se
so far observed.
In summary, there are three phases of hnf6 expression.
Initially, the gene is maternally expressed and its tran-
scripts are ubiquitous; for our present purposes, the sig-
nificance of this is that the maternally encoded Hnf6
transcription factor could directly affect events in all
domains of the endomesoderm, that is, in the PMC,
mesodermal, and endodermal domains. Whether the ubi-
quitous early expression is due in part to ubiquitous early
zygotic transcription is not determined. The hnf6 gene is
then for some hours zygotically expressed throughout the
oral ectoderm, though with some bias toward those regions
that will contribute to the ciliated band. Finally, it is
expressed only in the ciliated band.
Fig. 6. Spatial expression patterns of Sphnf6 mRNA at different time points in development, as determined by WMISH. (A–E) Control experiments performed
using the Sphnf6 mRNA sense probe; (F–H, AV–HV) Sphnf6 mRNA antisense probe. (A–G, AV–EV) Lateral views of embryos, vegetal pole at the bottom
except B and BV. For B and BV, the oral/aboral orientation of the embryos cannot be determined because at this stage there is no visible morphological landmark.
(H) Oral view. Panels F and FV, G and GV, and H and HV show the same embryos viewed from the different perspectives. (F and G) Side view. (FV and GV) View
from vegetal/oral direction. Before the onset of gastrulation, hnf6 mRNA is present everywhere in the embryos (AV–DV), though the distribution of transcripts
may be unequal (AV–CV). By 30 h, there is evidence of increased expression in the regions where the ciliated band will arise (EV, marked by asterisks). Late in
development, hnf6 transcripts are exclusively found in the ciliated band (F–H, FV–HV).
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Preventing the translation of the hnf6 mRNA by micro-
injection of hnf6 MASO has profound and multiple
consequences on embryonic development. Figs. 7A and B
show that the injection of the hnf6b2 MASO indeed
eliminates most detectable Hnf6 protein from the embryos.
Morphological effects of MASO injections as observed at
72 h are shown in Figs. 7C–L. Oral–aboral polarity is
abolished or very severely affected, and PMC patterning is
radialized. While delay in gastrulation is also observed, this
may not be a specific effect and in any case is only transient.
By 72 h, the vast majority of the embryos have developed
an archenteron (Figs. 7D–H). However, the archenteron
never bends to fuse with the oral ectoderm but grows from
the center of a perfectly spherical embryo (Figs. 7D and E).
The PMCs ingress normally but among the most striking
effects is a remarkable increase in the number of the number
of mesenchyme cells symmetrically arranged around thegut: this ranges from 32 (in control embryos; Fig. 7C) up to
83 (Figs. 7E and F; see Table 1 for quantitative data),
depending on the dose or the sequence of the MASO used.
The nature of these excess mesenchymal cells remains
undetermined. In none of the injected 72-h embryos are
well-developed spicules ever observed (compare spicules in
Fig. 7C with black arrowhead in Fig. 7G). Instead, six to
seven triradiate spicule rudiments can be distinguished.
In Figs. 7E–F, the effects of two different hnf6 MASOs
are compared (see Materials and methods). We found that a
MASO targeted to a site over 600 bp downstream of the
start site of hnf6 mRNA (hnf6b2 MASO; Fig. 7F) is even
more effective than a traditionally designed one (hnf6b1
MASO; Fig. 7E). Note that the experiment of Figs. 7A and
B was carried out with the hnf6b2 MASO. The same
abnormal phenotypic features are displayed by embryos
receiving either of the hnf6 MASOs. However, the abnor-
malities observed upon hnf6b2 MASO injection are more
reproducible and more severe.
Fig. 7. Phenotypic effects of hnf6 MASO on developing embryos. (A and B) Immunological blot showing that unconventional hnf6b2 MASO blocks Hnf6
protein synthesis (black arrowheads); (A) control, (B) MASO-injected embryos. A total of 600 embryos per lane were boiled in IX SDS loading buffer and
analyzed by standard Western blot method. The rabbit antibody (used as a 1:1000 dilution) was raised against bacterially expressed fusion protein from an
expression construct, pCut224, which contains clone 224 (Fig. 1). The protein antigen was expressed in pRSET C T7 vector (Invitrogen). (C–L)
Morphological effects of MASO injection and controls, that is, normal embryos or embryos injected with randomized MASO, which produced the same results
(data not shown, except for C). When synthesis of Hnf6 protein is blocked, the embryos are radialized, there is an increase in the total number of mesenchymal
and pigment cells, and multiple sites of spiculogenesis appear. (C–H) 72 h; (I–K) 6 days; and (L) 7 days after fertilization. (C) Embryo injected with a control
MASO of randomized sequence. (D and E) Embryos treated with hnf6b1MASO (conventional MASO, 25 bp from and including ATG). (F–H, J–L) Embryos
treated with hnf6b2 MASO (nonconventional MASO, 661 bp downstream of ATG). These perturbations result in radially spherical embryos. The archenteron
is not bent as in the normal embryo but points directly toward the opposite side of the vegetal plate, as shown in D. There is delayed development of spicules.
The MASO embryos have underdeveloped spicules, for example, in D–F. They display six or seven sites of spiculogenesis, shown by arrowheads in G, K, and
L. These are arranged around the centralized archenteron. There is an increased number of mesenchymal cells (E and F; see Table 1 for quantitation). The
number of pigment cells in the ectoderm is also increased from the usual 32 in a normal embryo to at least 90 cells, depending on the identity or the dose of
MASO. The pigment cells are clearly visible (C, F, and H; white arrowheads). In H is shown an embryo with a pigment cell count of 87. Although the gut
develops, the stomach is unusually enlarged, as shown in J.
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elimination of oral–aboral polarity. In normal embryos, by
the time gastrulation is complete, the thick cuboidal cells of
the facial oral ectoderm (including the stomodeal region) are
clearly distinguishable from the thin, squamous aboral ecto-
derm cells. In contrast, the ectoderm of hnf6MASO-injected
embryos displays only typical aboral features. These includethe overall presence of the homogenously thin ectoderm and
the presence of pigment cells, which are normally found only
on the aboral side (Fig. 7E; the white arrowheads point to
pigment cells; see also the distribution of pigment cells in Fig.
7H). The number of pigment cells is also significantly higher
than in control embryos. In the injected embryos, 40–90
pigment cells can be found at 72 h (in this study, we observed
Table 1
hnf6 MASO dose-dependent increase in mesenchyme cell number
200 nM MASO 300 nM MASO 400 nM MASO
Control hnf6b Control hnf6b Control hnf6b
48 h 29 42 69
72 h 26 32 83 31 83
Unconventional MASO used for these measurements.
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no ciliated band is present. These observations all suggest that
blocking hnf6 mRNA translation impairs differentiation of
the oral ectoderm. The effects are irreversible: as postembry-
onic development proceeds (6–7 days; see Figs. 7I–L),
pigment cells are still observable all around the ectoderm of
the embryos (white arrowheads in Fig. 7J). The archenteron
continues to develop and a tripartite gut can be seen in the
injected embryos. However, while the foregut and the midgut
grow to a normal size, the hindgut remains thin (Fig. 7J). The
bilateral progression of spicule growth normally seen on
either side of the archenteron is never resumed, and even
after 7 days there are six to seven triradiate spicule rudiments
arranged around the centrally located archenteron (black
arrowheads in Figs. 7K and L). The supernumerary spicule
rudiments appear to have increased in size somewhat over
this time (compare Figs. 7G and L), suggesting a slight
recovery of skeletogenic deposition.
hnf6 is not required for micromere and PMC signaling
The morphological observations and spatial expression
data reported above suggest that hnf6 may participate in at
least two different gene regulatory networks, viz., those
controlling the specification of the skeletogenic mesenchyme
descendant from the micromeres (Oliveri et al., 2002, 2003),
and of the oral ectoderm (Amore et al., 2003). The micro-
meres carry out two different classes of function: signaling
and skeletogenic differentiation. Here we show that hnf6
participates in the differentiation functions of the micromere
lineage, not in its specification or its signaling functions. In
addition, there could be effects of hnf6 on specification of the
nonskeletogenic mesoderm, given the abnormal number of
pigment cells and the abnormal development of the hindgut
in MASO-treated embryos, although some of these effects
could of course be indirect. Finally, although we thus far lack
more than a few markers with which to study ciliated band
specification and differentiation, the hnf6 gene surely is
directly involved in that process of later development.
Micromeres are able to signal to their neighbors, from the
time they first appear up until just before PMC ingression,
around 20 h after fertilization (Davidson, 1986, 1989; Amore
et al., 2003; Davidson et al., 2002a,b; Ishizuka et al., 2001;
Minokawa and Amemiya, 1999; Oliveri et al., 2002; Ransick
and Davidson, 1993, 1995; Sherwood and McClay, 1999;
Sweet et al., 2002). There are at least three different signaling
functions executed by these cells. The first is the earlymicromere signal (ES), which is required to initiate and
reinforce specification events in the veg2 cells. This signal
boosts the early expression of specification marker genes in
the endomesoderm at fourth to sixth cleavage (reviewed in
Davidson et al., 2002a,b); a visible outcome is the disap-
pearance of SoxB1 protein from the nuclei of veg2 cells by
about 12 h (ninth cleavage) (Oliveri et al., 2003). The second
signaling event is the expression of the Delta ligand (Sweet
et al., 2002). This occurs at seventh to ninth cleavage and is
required for the specification of the immediately adjacent
veg2 cells as secondary mesenchyme. There is also a late
signal (LS) required up to about 20 h for clearing the
expression of SoxB1 at the border between veg2 and veg1
cell tiers (Amore et al., 2003). SoxB1 clearance is necessary
for endoderm development (Kenny et al., 1999).
Because the injection of hnf6 MASO delays invagination
of the archenteron, we measured the level of expression of
several early expressed regulatory and signaling genes, viz.,
delta, wnt8, gatae, krl, eve, krox, foxa, bra, gcm, and gatac.
One purpose was to determine whether hnf6 expression is
required for expression of any of the micromere signals. All
or most of these genes would certainly be affected were hnf6
expression necessary for micromere signaling; while if only
certain genes were affected, the cause would likely be an
effect on those particular genes of the initially ubiquitously
expressed factor encoded by the hnf6 gene. These measure-
ments were performed by QPCR, and the results are reported
in Table 2. Only one of the endomesodermal genes tested
showed any significant variation in expression in hnf6
MASO-treated embryos, with respect to controls, and this
was gatac. This result could very well indicate a direct
requirement for an Hnf6 input, which will require to be tested
at the cis-regulatory level. The hnf6 gene is obviously not
required for expression of the delta gene since (as Table 2
shows) there is no effect of MASO treatment on either it itself
or on expression of gcm, the immediate downstream target of
Delta-Notch signaling in the recipient presumptive meso-
derm cells (Ransick et al., 1993; Calestani et al., 2003). Since
none of the other endomesoderm genes tested were affected,
it is most unlikely that hnf6 is required for micromere
expression of the ES or LS (or for execution of the con-
sequences of that expression in the endomesoderm). To test
this directly, we compared SoxB1 clearance in control and
hnf6 MASO-injected embryos. The same number of SoxB1
clearing cells was found in experimental as in control
embryos at 20 h (Figs. 8A and D). An experiment showing
explicitly that hnf6 translation is not required for micromeres
to promote SoxB1 clearance in the adjacent cells is illustrated
in Fig. 8F. Here we see that a single micromere transplanted
from an hnf6 MASO-injected embryo rescues SoxB1 clear-
ance in a micromere-less host embryo, as well as does a
transplanted control micromere. Note further that in the
chimeras of Fig. 8F, the observed delay in invagination of
the gut is reduced, with respect to whole embryos containing
MASO (Fig. 8D). The delay is therefore due to an effect of the
MASO outside the micromere domain. The MASO causes a
Table 2
Effect of knocking out hnf6 mRNA translation by hnf6 MASO on developmental genes
17–21 h 30–36 h 41–48 h
PMC regulatory genes
alx NS/NS/NS/NS/NS/NS/NS
delta NS/NS/NS/NS/NS/NS
ets1 NS/NS/NS/NS/NS/NS
foxb NS/NS 2.7/NS NS/NS/NS/NS/NS
pmar1 NS/NS/NS/NS/NS/NS
tbrain NS/NS/NS
PMC differentiation genes
cyclophilin NS/NS/NS/NS/NS/-3.6 NS/NS
ficolin 2.9/3.9/NS/3.2/3.6
msp130 2.8/2.2/2.7/3.0/3.4/
NS/1.8/2.7
NS/NS/NS/NS/NS NS/NS/NS/NS/NS
pm27 5.8/4.0/3.5/5.1/5.5/2.6/4.0 2+3.2/NS/NS
sm30 3.2/NS/2.1/5.5/4.1/
3.2/4.0
6/4.5/3.6/2.7/4.5/
4.2/6.4
sm50 2.3/2.5/2.8/3.4/2.5/
NS/2.4
NS/NS +3.2/NS/NS
Secondary mesodermal genes
gatac 3.0/2.5/2.8/6.2/3.1/
3.4/3.7
+2.0/+3.0 +2.2
gcm NS/NS/NS/NS/NS +2.2/NS +3.1/NS/NS
Endodermal genes
bra NS/1.9(NS) 2/NS/NS/NS/NS
eve NS/NS/NS/2.8/NS NS/NS NS/NS/NS/2.5
foxa NS/NS 1.9(NS)/NS/NS/NS/NS
gatae NS/NS 2.6/2.0/2.7/NS/NS
krl NS/2.1/NS/NS/1.9(NS)/
NS
+3.5/+2.9/+2.0/+3.4/+5.2/
NS
+8.0/+6.6/+3.1/+4.2/+3.7/+5.0/
+3.3/+5.2
krox NS/NS/NS/2.6/1.8
wnt8 NS/NS/NS/NS/NS/NS
Ectodermal genes
dri (oral) NS/NS/ 3.6/3.3/3.7/2.2/
NS
5.1/6.8/4.2/4.8/NS/
2.8/5.8/5.7
gsc 6.1/4.9/6.0/5.1 3.8/3.6 1.9/NS/NS/NS/2.5/
7.2/2.3
hnf6 (oral) NS/NS/NS NS/NS 4.2/3.9/3.1/3.7/
2.0/3.0/2.9
hmx 2.8/2.4/3.6/2.2/2.3/
3.5
NS/NS 2.0/NS/NS/
lim NS/NS NS/NS/NS/NS
nk1 3.5/2.4/2.6/3.2/2.5 3.5/3.2/NS/2.3/NS
nkx2.1 NS/2.0 NS/2.3/2.0/NS
otp 6.9/2.1/4.3/3.0/
NS
6.5/5.1/4.5/NS/3.3
otxb1/2 NS/NS NS/NS/NS/NS
spec1 NS/NS 3/NS/NS/NS
Five different batches of eggs were used. Numbers reported are the normalized DCts between control and injected embryos. DCts in italics are obtained using
MASO targeting internal site on the ORF (see Materials and methods). NS means nonsignificant variation; / separates the values obtained from each particular
batch.
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embryos takes 7–8 h to occur, while in controls it takes 5
h (for this reason, micromeres from 8-h injected embryos
were transplanted to 5-h control hosts). Even when the
MASO-containing micromeres came from embryos that as
a whole developed abnormally, once transplanted they were
able to produce progeny that ingressed and performed at leastsome normal PMC functions (see Fig. 9E). However, the
absence of the red staining for MSP130 protein in PMCs that
contain the MASO indicates a requirement of Hnf6 protein
for the expression at 20 h of this PMC differentiation gene
(compare the stained PMCs of controls; Figs. 8A and C to
those of Figs. 8D and F). This effect is confirmed for 17–21
h time interval by the QPCR data in Table 2.
Fig. 8. hnf6MASO blocks PMC differentiation but fails to block transmission of the early endomesoderm induction signal. (A) Control embryo at mesenchyme
blastula stage (20 h). PMCs are stained red with antibody to Msp130, a marker of PMC differentiation. Vegetal plate nuclei have cleared nuclear SoxB1 (green
nuclear stain in nonvegetal nuclei). (B) Control micromere-less embryo fails to clear SoxB1 from the vegetal plate (Oliveri et al., 2003). (C) Addition of
micromeres to a micromere-less embryo at the 16-cell stage leads to vegetal plate clearance of SoxB1, and its descendants express Msp130. (D) hnf6 MASO-
injected embryos. Vegetal plate clearance of SoxB1 still occurs, and PMCs ingress but fail to express the PMC differentiation marker (arrow in D points to one
of a group of unstained PMCs). (E) Transplant combination shown in panel F. A single micromere from an hnf6 MASO-injected egg is transplanted to the
vegetal pole of a micromere-less control embryo. That micromere induces a small area of partial clearance of SoxB1 (between arrowheads). The descendants of
the micromere ingressed but failed to express the red PMC marker antigen (arrows).
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PMC differentiation
To gain a molecular-level understanding of why blockade
of hnf6 translation affects the ability of the embryos to form
and pattern their skeleton properly, we measured the level of
expression of some of the key genes of the PMC GRN
(Davidson et al., 2002a; Oliveri et al., 2002, 2003). The
results of these experiments are also summarized in Table 2.
Almost all the genes whose functions are known to be
required for PMC specification are unaffected by the pre-Fig. 9. hnf6MASO blocks PMC differentiation. (A) Control embryo at 48 h. (B) h
on a delayed schedule. (C) hnf6 MASO injected, 48 h, severe phenotype. The blast
hnf6 MASO-injected micromeres transplanted to the vegetal pole of control micro
PMCs that ingress, and arrange into a ring around the vegetal plate (from ‘‘mild
were from ‘‘severe phenotype’’ injections. A gut invaginated and the PMCs ingress
red labeling of the PMCs is due to the use of a lineage tracer.sence of hnf6 MASO. These genes, viz., pmar1 (Oliveri
et al., 2002), ets (Kurokawa et al., 1999), alx (Ettensohn
et al., 2003), tbrain (Croce et al., 2001; Oliveri et al., 2002),
Spdri (Amore et al., 2003), and hnf6 itself, are expressed at
normal levels upon MASO injection. The sole exception to
this is foxb, which is expressed only late in the differen-
tiation of the PMCs (unpublished data). Overall, this means
that hnf6 functions downstream of the PMC specification
events, even though hnf6 transcripts are present from the
beginning. This conclusion is consistent with the observa-
tion that PMCs are present and able to ingress in MASO-nf6MASO injected at 48 h, mild phenotype; the archenteron invaginates but
ocoel fills with cells though the archenteron still eventually invaginates. (D)
mere-less embryos at the 16-cell stage. The micromeres induce a gut, form
phenotype’’ injected embryos). (E) Same as D but transplanted micromeres
ed but they are distributed in the blastocoel at random. In these pictures, the
O. Otim et al. / Developmental Biology 273 (2004) 226–243 237treated embryos. However, the PMCs of injected embryos
are unable to synthesize spicules at the proper time; when
they manage to do so (always much later than normal), the
growing skeleton is never properly patterned (Figs. 7C and
E). These effects are due to both autonomous failures of
skeletogenic differentiation and to nonautonomous oral
ectoderm patterning defects (see below). Among the skele-
togenic differentiation genes required for spicule formation
are pm27 (Harkey et al., 1995), sm50 (Benson et al., 1987;
Sucov et al., 1987), and sm30 (George et al., 1991), and
transcription of all three genes requires normal hnf6 expres-
sion (Table 2). Similarly, introduction of hnf6 MASO also
represses expression of ficolin and msp130 (Leaf et al.,
1987), two other downstream differentiation genes activated
by the PMC GRN. These PMC genes thus all appear to be
Hnf6 targets. In the case of the sm50 gene, the interaction is
known to be direct: The Hnf6 factor regulates this gene by
binding in its cis-regulatory region. This DNA–protein
interaction is demonstrated in Fig. 10. As noted above, an
element of the cis-regulatory system of sm50 contains the
canonical Hnf6 target site through which the gene was
originally isolated (the C-element; Makabe et al., 1995),
and upon incubation with a labeled DNA fragment contain-
ing this sequence, specific complexes are formed whenFig. 10. Mobility shift assay of the binding activity of Hnf6, and of nuclear
extract, for the ‘‘C-element’’ of the sm50 gene. The sequence of the double
stranded DNA probe was 5V TGGTAGTCGTGAATGCATCGATCTC
( + 13 to + 37 nucleotides in Fig. 3 of Makabe et al., 1995). The probe
was end-labeled with [32-P] dATP. Lane 1, control containing the labeled
free probe (FP), but no protein; lanes 2 and 4, labeled probe with excess
unlabeled probe competitor; lanes 3 and 5, labeled probe with no
competitor. In lanes 2 and 3, Hnf6 prepared in vitro was used (Hnf6);
lanes 4 and 5, 24 h nuclear extract (24 h NE) was the source of binding
activity. Specific complexes (SC) that are competed out in lanes 2 and 4 are
observed in lanes 3 and 5. This result shows that Hnf6 specifically binds the
C-element of sm50.using either an in vitro translated Hnf6 (Fig. 10, lane 3) or
a 24-h nuclear extract (Fig. 10, 24 h NE, lane 5). The
specificity of these complexes was verified, in both cases,
by coincubation with the cold competitor (lanes 2 and 4).
For these interactions with C-element probes, the signature
nucleotides required by Hnf6 transcription factors must be
present, as shown by detailed mutational studies to be
reported elsewhere. The direct cis-regulatory role of Hnf6
in the sm50 gene accounts for the repression of sm50
expression in blastula period MASO-treated embryos ob-
served by QPCR (Table 2). The similar effects on pm27,
msp130, and ficolin genes at this time (Table 2) may imply a
similar mechanism. In the case of sm50, other interactions at
other cis-regulatory sites dominate expression after ingres-
sion, particularly with an Ets factor (Kurokawa et al., 1999;
Makabe et al., 1995). Therefore, these hnf6 MASO effects
are confined to the early period of skeletogenic gene
expression.
Later in development, the expression of these PMC
differentiation markers is resumed or even enhanced in
embryos into which hnf6 MASO had been injected (Table
2). This is confirmed by WMISH experiments reported in
Fig. 11, where staining for sm50 (Figs. 11C and D) and
sm30 (Figs. 11G and H) is visible in the PMCs of the treated
embryos. Although the staining for sm30 is generally very
low (DCT values for this marker remain strongly negative),
it can still be observed in a number of injected embryos past
48 h (20–25% of the embryos).
Late requirement of hnf6: role of hnf6 in the oral ectoderm
As development proceeds, it becomes obvious that hnf6
is required for the proper differentiation of the oral ectoderm
(OE) of the embryo (Fig. 7). In an attempt to identify the
function of hnf6 in the OE GRN, we performed several
WMISH and QPCR measurements on 48-h embryos (the
stage of the MASO control experiment shown in Fig. 7A).
Normal embryos and embryos carrying hnf6 MASO were
stained for spec1, nk1, and hnf6 transcripts (Figs. 11I–T),
and the level of these mRNAs as well as those of dri, gsc,
nk2.1, otp, and otxb1/2 were measured (Table 2).
The spec1 gene encodes a Ca2+ binding protein (Hardin
et al., 1985), the mRNA of which is normally found only
on the aboral side of the embryos by late blastula stage
(Wikramanayake et al., 1995). Normal spatial restriction of
spec1 mRNA requires repression of spec1 transcription in
the oral ectoderm (Angerer et al., 2001 and references
therein). This function is a prominent output of the OE
GRN (Amore et al., 2003). As can be seen in Figs. 11K
and L, abolition of hnf6 translation causes spec1 mRNA
to be expressed everywhere in the ectoderm except in
the apical plate of treated embryos. This effect consists
of the addition of the cells of the original oral ectoderm to
the domain of spec1 expression, a less than twofold
increase quantitatively; thus, when measured by QPCR, a
statistically significant change in spec1 mRNA concentra-
Fig. 11. Whole-mount in situ hybridization (WMISH) of 48-h embryos perturbed by hnf6MASO injection (unconventional MASO). (A, B, E, F, I, J, M, N, Q,
and R) Uninjected control embryos; (C, D, G, H, K, L, O, P, S, and T) embryos injected with hnf6 MASO. (A–D) sm50 expression patterns. (A and C) Side
views; (B and D) vegetal views. The expression of sm50 is restricted to the PMCs in both uninjected control and hnf6–MASO embryos. Note the spatial
differences in PMC distribution. In control embryos (A and B), PMCs form two bilateral clusters of cells on the oral side of the embryo, and a chain of PMCs
along the aboral ectoderm. PMCs in the MASO-injected embryos form a circle in which the normal asymmetry is not obvious (D). The embryo in D exhibits a
mild effect of hnf6MASO. (E–H) Expression pattern of sm30. (E and G) Side view; (F and H) vegetal view. The expression pattern of sm30 is restricted to the
PMCs in both uninjected control and hnf6–MASO embryos. However, not all PMCs in the MASO-injected embryos express sm30, in contrast to the result
with sm50 (compare D and H). Only a minority of embryos exhibit any expression of sm30 upon MASO injection, and the level of expression when it occurs is
greatly reduced. (I–L) Expression pattern of spec1. (I and K) Side view of 24-h embryos; (J and L) vegetal view of 48-h embryos. The expression pattern of
spec1 is restricted to the aboral region in uninjected control embryos. In hnf6 MASO-injected embryos, spec1 expression is observed in the whole of the
ectoderm, except for the apical plate. This effect is observed early in development (I and K). (M–P) Expression pattern of nk1. (M and O) Side view; (N and P)
vegetal view. Expression of nk1 is restricted to the vegetal one third of the central oral ectoderm of uninjected control embryos. In hnf6–MASO embryos,
localized expression of nk1 above background staining is not observed. (Q–T) Expression pattern of hnf6. (Q and S) Side view; (R and T) vegetal view. The
expression pattern of hnf6 is restricted to the presumptive ciliated band region in the uninjected control embryos. In hnf6 MASO-injected embryos, hnf6
expression is observed to be delocalized throughout the whole ectodermal region, except for the lower vegetal third.
O. Otim et al. / Developmental Biology 273 (2004) 226–243238tion is not observed (Table 2). These results show that hnf6
mRNA translation is required for the function of the oral
ectoderm GRN.Amore et al. (2003) showed that the regulatory genes,
deadringer (dri) and goosecoid (gsc; Angerer et al., 2001),
are necessary for the maintenance of the postgastrular
O. Otim et al. / Developmental Biology 273 (2004) 226–243 239specification state of the OE. Like dri, gsc is transcribed in
the OE but, unlike dri, not in the apical plate or ciliated
band. Global expression of spec1 is caused by blockade of
either Dri or Gsc translation. From the data presented in
Table 2 (30 and 48 h), it can be seen that transcription of
both dri and gsc in the OE is dependent on the presence of
the Hnf6 protein. However, as can be seen in Fig. 11K,
repression of spec1 transcription is still in place in the apical
plate in hnf6 MASO embryos. Although hnf6 is normally
transcribed in the apical plate, it is not required for prevent-
ing spec1 expression there. Since the repression of spec1 in
the apical plate is dependent on Spdri (Amore et al., 2003),
Spdri transcription appears to be independent of Hnf6
protein in the apical plate.
The results of Amore et al. (2003) and those reported
here (Table 2) indicate that by 48 h the oral ectoderm can be
subdivided into at least three different fields, each under
partly independent regulatory control, viz., apical plate,
central oral ectoderm, and ciliated band. In this work, we
have found evidence that the hnf6 gene affects expression
of other regulatory genes in the central and ciliated band
domains. In Paracentrotus lividus, the gene otp is a marker
of the central domain, though its pattern of expression
(Simeone et al., 1994) in S. purpuratus is yet unknown.
In Paracentrotus, it is expressed in two spots in the OE on
the sites where PMCs will coalesce and initiate spiculo-
genesis (Di Bernardo et al., 1999). The S. purpuratus nk1
gene, also a central domain marker, is transcribed in the
veg1 descendants of the OE (Figs. 11M and N; Minokawa
et al., 2004). Both nk1 and otp are strongly repressed by
hnf6 MASO (Table 2; Figs. 11O and P). Embryos injected
with hnf6 MASO do not show any obvious region-specific
expression of Spnk1 mRNA at all (Figs. 11O and P). The
otxb1/2 transcription unit is expressed initially in the whole
OE but then displays an increasing bias for the ciliated band
(Yuh et al., 2002). Though hnf6 is indeed required speci-
fically for ciliated band formation, it is either downstream
of late otxb1/2 expression or wired in parallel to it since
hnf6 MASO does not interfere with otxb1/2 expression
(Table 2). We have no evidence that hnf6 plays any role
in the apical domain of the OE. Not only is spec1 expres-
sion correctly controlled in the apical region in hnf6
MASO-treated embryos, but the nk2 gene, which is
expressed in the apical plate from the late blastula stage
on (Takacs et al., 2004), is only marginally affected by hnf6
MASO, if at all (Table 2).
Terminal expression pattern
Late in development, hnf6 also controls its own pattern of
expression. A positive regulatory feedback loop is estab-
lished by 48 h (Table 2), coinciding with the definitive
localization of expression to the ciliated band (Fig. 6). In the
absence of Hnf6 protein, transcription of this gene is
thenceforth down-regulated. Furthermore, in the presence
of hnf6 MASO, the expression of the gene is delocalized tothe entire animal half of the embryo (Figs. 11S and T). hnf6
is involved in the maintenance of its own final pattern of
expression. A repression mechanism is required to shut off
the expression of hnf6 everywhere except at the future site
of the ciliated band, and it is this mechanism that fails in the
presence of hnf6MASO. Once confined to the ciliated band,
however, the hnf6 gene then maintains its own strong
expression in that precise location.
There are also other genes that are affected in various
ways and at various times after gastrulation outside of the
PMC or the OE domains, but these are clearly indirect
effects (Table 2). Among these genes are gatac, gatae, and
krl. By 41–48 h, the development of MASO-treated em-
bryos is so perturbed that interpretation of indirect effects is
impossible.Discussion
The maternal transcriptome includes a large number of
genes expressed zygotically in the embryo (Davidson,
1986). Since there are many great distinct patterns of
zygotic gene expression, each directed by a discrete cis-
regulatory control element, those mediating expression in
oogenesis must represent a separate class of these elements.
As usually found with regulatory genes such as hnf6, the
maternal transcripts are distributed everywhere in the cleav-
age stage embryo, and this continues to be the case
throughout early development. The transcripts present in
the embryo during cleavage and blastulation could be
entirely of maternal origin since they continue to decline
in amount monotonically until 20 h, or this gene could also
be transcribed zygotically from a ubiquitously active cis-
regulatory element these stages. Thus, the expression data
for hnf6 predict three or four cis-regulatory modules, one
determining maternal expression, a possible globally active
early zygotic module, an oral ectoderm module working
transiently at the beginning of the gastrula stage, and a
postgastrular ciliated band module. Correspondingly, the
functional data in this paper indicate that this gene has been
entrained in a number of discrete developmental roles.
Initial roles of hnf6
Though the initial expression is ubiquitous, the early
roles of hnf6 detected in this work are confined to the
skeletogenic domain, to the nonskeletogenic mesoderm, and
to one ectoderm gene (Table 2). No effects on genes of the
endodermal GRN were observed in this work, but this may
be of little significance for the reason that this negative
result refers exclusively to regulatory genes, the only class
of genes here tested; in the skeletogenic domain, the known
effects of hnf6 are in fact only on downstream genes, so
similar effects would have been missed in the endoderm
(where our current GRN lacks all but a small number of
structural genes). Furthermore, the possibility of ectodermal
O. Otim et al. / Developmental Biology 273 (2004) 226–243240targets was hardly examined at all, except that the hnf6 gene
was found to affect the expression of the hmx gene, which is
expressed in the ectoderm at this stage (unpublished data).
Recent history shows that if a regulatory gene is expressed
in a given domain, it is likely to have some function there,
and we assume that the evidence thus far in hand of hnf6
function during the ubiquitous phase of expression is simply
incomplete.
The evidence we do have places hnf6 in an interesting
light with respect to the PMC GRN, as summarized in Fig.
12. This gene has no effect whatsoever on any of the
components of the pmar1 regulatory system that underlies
specification or on the set of interlocking regulatory genes
that directly mediate differentiation functions in the PMCs
(Oliveri et al., 2002, 2003). Instead, the regulatory input
from hnf6 goes directly into the cis-regulatory element of
sm50, a downstream differentiation gene (Makabe et al.,
1995; Fig. 10; Table 2). Other skeletogenic differentiation
genes are likely to be directly controlled as well since there
are probably no other transcription factors intervening
between the PMC regulatory gene set and the differentiation
genes included in Fig. 12 (Oliveri et al., 2002; see Table 2
and Results section). So the role of the Hnf6 factor in these
genes is the classic ‘‘necessary but not sufficient’’ one; it isFig. 12. Schematic diagram of the role of hnf6 in the PMC specification
pathway. This gene does not participate in the regulatory control of PMC
identity, but its expression is required for expression of PMC differentiation
genes, which also require inputs from the PMC specification system
(Oliveri et al., 2002, 2003). At least the interaction of Hnf6 factor with the
sm50 gene is direct, and this is likely for the remainder of these downstream
target genes as well (see text).an ancillary activator, not a spatial determinant of their
activity. The transcriptional specification system active
exclusively in the PMCs causes these genes to be expressed
in PMCs only while Hnf6 is present globally (or at least its
mRNA is). We had initially thought that hnf6 would be the
factor that provides early spatial control to the sm50 gene,
but that role is evidently played by one of the other factors
that in addition to Hnf6 bind to the minimum necessary
spatial control element of sm50 (Makabe et al., 1995;
unpublished data). The hnf6 gene no doubt plays a similar
role as an ancillary activator for other genes in other
domains during its early phase of expression, though as
noted above the only other positive examples in hand are the
gatac gene of the nonskeletogenic mesoderm and the hmx
gene of the ectoderm.
The hnf6 gene probably also participates in nonskeletogenic
mesoderm specification
In addition to the orphan observation that an hnf6 input is
required for gatac expression, this work indicates that this
gene is somehow involved in the allocation of cell fates
within the mesoderm. There are two items of evidence, both
illustrated in Fig. 7. First, in hnf6 MASO embryos, there are
many extra pigment cells. This is in spite of QPCR measure-
ments showing that hnf6 does not greatly affect the overall
level of expression of gcm, a direct specifier of pigment cell
fate. However, WMISH shows that the spatial expression of
gcm in the injected embryos is still evident in the oral arch
of SMC precursors while absent from that site in the control
embryos (Ransick et al., 1993; unpublished data). Second,
there is in hnf6 MASO-treated embryos a most remarkable
increase of mesenchymal cells of some indeterminate kind
(Table 1). These cells align themselves like skeletogenic
mesenchyme, but since hnf6 MASO treatment also prevents
skeletogenic differentiation genes from being expressed, it is
unclear without further measurements what they are. They
could be the result of the imposition of an extra round of cell
division in bona fide skeletogenic mesenchyme following
ingression, or they could indicate a nonskeletogenic to
skeletogenic fate transformation on the part of other meso-
dermal calls, or some other alteration of the normal diffe-
rentiation of these cells. In any case, it is a clear implication
of this work that when the mesodermal specification GRN is
extended beyond its present 24 h or so, hnf6 will be found to
be a participant in the portion of the apparatus that controls
diversification of mesodermal cell fates.
Function of hnf6 in the oral ectoderm GRN
According to our initial analysis of the oral ectoderm
(OE) maintenance GRN, two upstream regulators of this
postgastrular control system are the repressor gsc and the
activator dri, both expressed exclusively at this time in the
OE (Amore et al., 2003; Angerer et al., 2001). These genes
are linked together in a mutual reinforcing loop by a second,
O. Otim et al. / Developmental Biology 273 (2004) 226–243 241yet unknown repressor. The relationship adduced amongst
these genes is that gsc represses the unknown repressor,
which is thereby prevented from eliminating dri expression
in the OE, and that dri in turn activates gsc, closing the
reinforcing loop. Table 2 shows that hnf6 provides a
powerful input into gsc early on, just as it begins to be
expressed in the OE, and this relation apparently continues
throughout. By 30–36 h, a similar strong input into dri is
observed. It follows that hnf6 directly or indirectly activates
gsc in the oral ectoderm, while its effect on the expression of
dri could be either via gsc or by an independent pathway. In
either case, its action lies upstream of the gsc and dri
regulators. Since hnf6 begins to be zygotically expressed
at least by 20 h (Fig. 5), and judging from its later WMISH
pattern (Fig. 6), it is thereafter expressed exclusively in the
OE, it could here play the role of an upstream spatial
determinant of OE specification. So far the identity of the
regulatory inputs that set up the state of specification of the
OE remains unknown, and hnf6 is now a candidate for such
a role.
The regulatory role of hnf6 in the OE continues in the
maintenance phase of its specification control system. Just
as occurs when the expression of dri (Amore et al., 2003) or
gsc (Angerer et al., 2001) is blocked, if hnf6 expression is
prevented from occurring by MASO treatment, then the
specification of the OE is radically compromised: A clear
demonstration is the expansion of spec1 expression into the
OE (Figs. 11I–L). This result is consistent with the mor-
phological disappearance of oral–aboral polarity, as dis-
cussed above, with the now circumferential distribution of
pigment cells and with the radial pattern of skeletal elements
and the failure of their subsequent patterning (Fig. 7), which
is known to depend on ectodermal specification (Ettensohn,
1990). However, as indicated in the Results section, this role
of the hnf6 gene in the maintenance OE GRN seems to be
confined to the central–vegetal and the ciliated band
domains of the OE (Table 2). In Figs. 11M–P, for example,
a marker of the vegetal portion of the central domain can be
seen to depend completely on an hnf6 input for expression.
But by the time it becomes apparent as a separate regulatory
state domain, the apical region of the OE seems independent
of hnf6 control.
The ciliated band
The ciliated band is a strongly neurogenic structure that
as a morphological structure arises late in embryogenesis.
But the pattern of expression of the hnf6 gene, which comes
exactly to define this structure in spatial terms, shows that
the territorial specification of the ciliated band begins as
early as 30 or 36 h. By this time, the expression of hnf6 is
already becoming accentuated at the borders of the OE
where the ciliated band will form (Figs. 6F and G). No
ciliated band ever forms in hnf6 MASO-treated embryos:
Since we know that this reagent declines sharply in efficacy
after 36–48 h, so that some skeletogenic functions recover,the implication is that hnf6 is required for some ciliated
band specification function that takes place earlier and
cannot later be replaced. The terminal expression of the
hnf6 gene in the definitive ciliated band, and nowhere else
(Figs. 6H and FV–HV), can mean only that this gene is a
regulator of ciliated band-specific genes. It is not possible
that hnf6 here plays the role of a general neurogenic
regulator since neurons also arise elsewhere, for example,
in the central OE (Bisgrove and Burke, 1986; Nakajima et
al., 2004) from which hnf6 expression disappears. However,
it could be required for a special class of ciliated band
neurons or for the columnar ciliated cells of the band. The
otx gene is also expressed in the ciliated band of S.
purpuratus, but hnf6 is apparently wired in parallel with
otx (Table 2 and unpublished data). These genes may
provide an avenue of approach into the regulatory apparatus
underlying the formation of an embryonic structure that at
the regulatory level has thus far remained terra incognita.
Concluding remark
The hnf6 gene is so polyfunctional that to unravel its
functions has required a molecular odyssey, which traverses
almost all the temporal and spatial domains of embryoge-
nesis. The knowledge we have gained indicates that this
gene will have to be included as an essential player in
multiple regulatory subnetworks. But that very useful infor-
mation also provides a strong reminder that GRNs can never
be resolved by following the activities of single given
transcription factors: Only by directly interrogating the
DNA regulatory system can the lines of causality be
defined, and only by that route will the many new questions
raised in this work be answered.Acknowledgments
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